1. Introduction {#sec1-molecules-24-00552}
===============

Hydrogen energy is thought to one of most promising energy solutions due to its advantages such as easy conversion from and to electricity, producing only water, zero emission of pollutants and the large energy density of hydrogen (120 MJ/kg for lower heating value) \[[@B1-molecules-24-00552],[@B2-molecules-24-00552]\]. However, hydrogen is in gaseous state at normal conditions and the volumetric energy density is low. One must find a safe, low-cost and highly efficient way to store hydrogen and this is hydrogen storage, which is almost the most critical technology before the universal realization of a hydrogen-based economy \[[@B3-molecules-24-00552]\]. Hydrogen storage in solid-state materials is considered as the most promising technology. Various types of hydrogen storage materials have been studied for these kinds of applications, e.g., chemical storage in the metals and alloys (V, La-Ni, Ti-Fe, Mg/Mg-M, M = metal), M-Al-H, M-N-H and M-B-H systems, or physical adsorption of hydrogen on carbon based materials or metal-organic frameworks (MOFs) \[[@B4-molecules-24-00552],[@B5-molecules-24-00552],[@B6-molecules-24-00552]\]. Ti-V-based alloys with a body-centered cubic (BCC) structure have been intensively investigated as hydrogen storage materials \[[@B7-molecules-24-00552],[@B8-molecules-24-00552],[@B9-molecules-24-00552],[@B10-molecules-24-00552],[@B11-molecules-24-00552],[@B12-molecules-24-00552],[@B13-molecules-24-00552],[@B14-molecules-24-00552]\] because of their characteristics of high hydrogen capacity (4 wt.%, or about 150 kg H/m^3^) and a possibility of working temperatures below 200 °C. The challenges of the Ti-V-based alloys for hydrogen storage lie in their low reversible storage capacity (less than 3 wt.%) and very difficult activation process, when normally a temperature of above 400 °C and a hydrogen pressure above 4 MPa are needed for activation before the Ti-V alloys may absorb hydrogen.

Mechanical alloying or ball milling techniques are widely adopted in fabrication of hydrogen storage materials in order to synthesize them in convenient conditions, and improve the hydrogen absorption and desorption kinetics \[[@B6-molecules-24-00552],[@B15-molecules-24-00552],[@B16-molecules-24-00552],[@B17-molecules-24-00552],[@B18-molecules-24-00552],[@B19-molecules-24-00552],[@B20-molecules-24-00552]\]. These techniques are well known to be able to form metastable phases, increase surface area and reduce particle/crystallite size. The authors have achieved numerous interesting results in development of metastable nanostructured hydrogen storage materials with unique microstructures through mechanical alloying techniques \[[@B21-molecules-24-00552],[@B22-molecules-24-00552],[@B23-molecules-24-00552],[@B24-molecules-24-00552],[@B25-molecules-24-00552]\]. Nevertheless, one can hardly find any reported result on synthesis of Ti-V-based alloys by mechanical alloying for hydrogen storage research. This is because when Ti and V mixture were directly ball milled using stainless steel balls and vessel, after ball milling for a few to tens of hours, the starting materials will stick on the surface of the vessel wall and the balls. No powder sample can be obtained by this method. Recently, Shao et al. \[[@B26-molecules-24-00552]\] synthesized TiVMn- and TiCrMn-based nanoalloys with a mean particle size around a few to tens of µm, the crystallite size just 10 to 13 nm and the obtained samples showed enhanced hydrogen absorption performance from the high hydrogen pressure differential scanning calorimetry (DSC) results. Here we find that Ti and V mixture could be ball-milled and collected after introduction of small amount of carbon materials. In this work, we report a Ti-V-C-based alloy, not with a BCC structure, but with a face-centered cubic (FCC) structure, which was prepared by carbon added mechanical alloying method. During the cycling of absorption-desorption in hydrogen storage materials, change in the lattice structure and lattice expansion caused by hydrogen atoms makes it difficult to achieve effective and compact packing of the materials. Similar to the phenomenon reported by the authors in Mg-Co based BCC alloys \[[@B24-molecules-24-00552],[@B27-molecules-24-00552]\], this reported Ti-V-C alloy is always with a stable FCC lattice structure before and after hydrogenation and with no big difference in its lattice parameter. This means great potential in reversible and long cycle-life hydrogen storage. The findings in this work may start a new direction for the development of novel hydrogen storage materials with designed lattice structures.

2. Results and Discussion {#sec2-molecules-24-00552}
=========================

[Figure 1](#molecules-24-00552-f001){ref-type="fig"} presents the X-ray diffraction (XRD) curves of the starting materials of Ti (a), V (b) and carbon black (c), the mixture before milling and the obtained Ti~50~V~50~-10% C alloy with a FCC lattice structure. The intensities of the diffraction peaks were normalized to clearly present the phase compositions of each sample. The Ti, V and carbon black samples are with only pure Ti, V and C phases, respectively. The two peaks at around 24° and 44° in [Figure 1](#molecules-24-00552-f001){ref-type="fig"}c are reflections (002) and (100) of graphite indicating graphitization of carbon. After the 10 h milling, there is only one set of diffraction peaks in perfect accordance with a FCC lattice (lattice parameter a= 4.2712 Å, face-cubic centered, space group: *Fm-3m* No. 225, theoretic density: 6.65 g·cm^−3^, experimental density: 5.1 g·cm^−3^). The obvious peak broadening indicates a nanocrystalline microstructure in the sample and the grain size is calculated to be 60 nm. Our experimental density result of 5.1 g cm^−3^ (theoretic density: 6.65 g·cm^−3^) provides strong evidence to large volume of dead pores and/or high content of vacancies in this FCC structured Ti-V-based alloy. Nanostructure in hydrogen storage materials usually means large surface area and short diffusion distance for hydrogen atoms, because of which, unique hydrogen storage properties are expected from this alloy.

[Figure 2](#molecules-24-00552-f002){ref-type="fig"} shows the SEM images of the Ti, V, the mixture and the 10 h-milled Ti~50~V~50~-10% C alloy with FCC structure. From [Figure 2](#molecules-24-00552-f002){ref-type="fig"}c--e, we may see that the starting sample before milling is just a mixture of Ti and V phases. As seen in [Figure 2](#molecules-24-00552-f002){ref-type="fig"}f--h, after the 10 h mechanical alloying process, Ti and V elements are homogeneously distributed throughout the sample, which means that a uniform compound is formed. From [Figure 2](#molecules-24-00552-f002){ref-type="fig"}i,j, we may see that most of the particles are with a size of 1--3 µm. The morphology of the particles and the grain size in this Ti~50~V~50~−10% C sample is similar to that in our reported Mg-Co-X based alloys \[[@B23-molecules-24-00552],[@B28-molecules-24-00552],[@B29-molecules-24-00552]\], which may absorb hydrogen at −15 °C---the lowest temperature reported to date for solid state materials, as far as we know. We may expect good hydrogen absorption properties from this as-prepared Ti-V-C alloy and it does show superior hydrogen storage kinetics and reversibility.

[Figure 3](#molecules-24-00552-f003){ref-type="fig"} presents the high-pressure DSC curves of the mixture of Ti + V + carbon black and the Ti~50~V~50~-10% C alloy with FCC structure, under a hydrogen atmosphere of 1 MPa. The mixture sample shows one exothermic peak at 347 °C, which corresponds to hydrogenation reaction of Ti \[[@B22-molecules-24-00552]\] and the V phase in the mixture cannot absorb hydrogen without activation. The Ti~50~V~50~-10% C alloy with FCC lattice, however, may absorb hydrogen at temperature of 138 °C, which is 209 °C lower than that of the Ti, V and C mixture before mechanical alloying process. It shows a second exothermic stage with a peak at around 175 °C. After the DSC reaction, there is no obvious difference in the XRD curves (will be discussed later), which makes it difficult to clarify the exact mechanisms of the two exothermic peaks. Nevertheless, they are suggested to be hydrogenation reaction of the FCC Ti-V-C alloy, based on the pressure-composition isothermal (PCT) results in the following part.

[Figure 4](#molecules-24-00552-f004){ref-type="fig"} demonstrates the hydrogen absorption and desorption properties of the 10 h-milled Ti~50~V~50~-10% C alloy at 30 °C for three cycles, with no activation step. We can see the alloy may absorb hydrogen in the first cycle without any activation and it shows a hydrogen capacity of 1.37 wt.%. The hydrogen storage capacity of the second cycle is a little smaller---1.18 wt.%. But for the third cycle, the capacity goes up to 1.49 wt.%, which is even higher than the one in the first cycle. Although the desorption process of the three cycles in [Figure 4](#molecules-24-00552-f004){ref-type="fig"} does not clearly show the total release of the hydrogen. However, because the hydrogen absorption capacity in the second and third cycle is similar with the one in the first cycle, we believe the hydrogen can be completely released out during the evacuation process after each desorption cycle.

Although hydrogen storage capacity of 1.5 wt.% is not a very exciting number, this work is the first case to report Ti-V based alloy with a FCC lattice structure showing reversible hydrogen storage ability without activation. The difficult activation process of Ti-V based hydrogen storage alloys with BCC structure is one of the greatest disadvantages \[[@B7-molecules-24-00552]\]. The FCC lattice structure and fine nanocrystalline with a grain size of 60 nm in this alloy are thought to be the beneficial factors.

It is noteworthy that this special FCC lattice structure could maintain even after PCT and DSC treatments ([Figure 5](#molecules-24-00552-f005){ref-type="fig"}). Which means that this lattice keeps the original structure and does not present apparent lattice expansion during hydrogen absorption/desorption and it is beneficial to the good cycle performance for hydrogen storage. This unique characteristic also makes the packing of the materials much easier when building a hydrogen storage system using this kind of materials. From the XRD result ([Figure 1](#molecules-24-00552-f001){ref-type="fig"}e), the structure of our obtained Ti-V-C alloys are similar with Ti and V carbides. However, because of small neutron scattering length of V, it is difficult to determine the definite local structure even the neutron diffraction technology was applied. XRD also could not tell Ti from V due to the similar structure factors. In addition, the Ti and V carbides normally could not absorb hydrogen unless there exists so-called long-range ordered carbon vacancies and dislocations \[[@B30-molecules-24-00552],[@B31-molecules-24-00552],[@B32-molecules-24-00552],[@B33-molecules-24-00552],[@B34-molecules-24-00552]\]. Our obtained Ti-V-C alloys, which are very likely to possess much carbon vacancies and dislocations based on the smaller experimental density (5.1 g·cm^-3^) compared to the theoretical one, shows unique hydrogen storage properties. For this lattice structure, Ti, V and C atoms are with a simple cubic packing if we consider Ti, V and C as the same atom, with a packing efficiency of only 52%. This packing efficiency is much lower than other FCC (74%), HCP (74%) or even BCC (68%) structure, which possibly implies a high diffusion kinetics of hydrogen atoms in the alloys based on the factor that hydrogen diffusion rate in BCC lattice with a lower packing efficiency than FCC structure is several orders of magnitude higher than in FCC lattice \[[@B35-molecules-24-00552]\]. It remains challenge to figure out the local structure of the as-prepared Ti-V-C alloys, but the combined techniques of XRD and neutron scattering should be taken into consideration, which gives a new direction to develop novel hydrogen storage materials. It is rational to think that the metastable nanophase fabricated by ball milling is the major factor for the good hydrogen storage kinetics \[[@B15-molecules-24-00552],[@B29-molecules-24-00552],[@B36-molecules-24-00552]\]. Particles after milling usually have many cracks, new surface area and small size, indicating that they have more hydrogen transfer paths for hydrogen diffusion in absorption and desorption processes \[[@B37-molecules-24-00552]\]. It is also reported that mechanical milling combined with the catalysts not only improves the hydrogenation kinetics but changes the reaction mechanism from surface penetration to diffusion \[[@B38-molecules-24-00552]\]. However, the intrinsic kinetics mechanism of this Ti-V-C sample needs further study and model building to further understand the mechanism itself; this is under study. Moreover, the lower packing efficiency and the microstructure characteristics of homogeneous particle size of a few micrometers and grain size of 60 nm in the alloy, which normally is not achievable in Ti-V alloys by ball-milling method, are thought to the beneficial factors of good hydrogen storage kinetics in the Ti-V-C alloys.

3. Materials and Methods {#sec3-molecules-24-00552}
========================

Ti~50~V~50~ alloys were synthesized from Ti and V metals (325-mesh, purity \> 99.5%) by mechanical alloying method. Carbon black was added during the milling process. Without carbon black, the sample would stick to the walls of the milling vessel and to the balls. For a typical milling process, 0.5 g mixture of Ti and V powder with an atomic ratio of 50:50 and 0.05 g (10 wt.%) carbon black were put into a 45 mL stainless steel vessel. Ten stainless steel milling balls with a diameter of 0.7 cm and an average weight of 1.5 g were used. The ball to sample ratio is 30:1.

The X-ray diffraction (XRD) measurements were carried out using a Rigaku diffractometer (Ultima IV) (Tokyo, Japan) with Cu K*α* radiation at a generator voltage of 40 kV and a current of 40 mA, to obtain the phase information of the samples. The grain size was calculated based on the Scherrer equation: D = Kλ/(B cosα), D is the grain size, K is the Scherrer constant, λ is the wavelength of X-ray, B is the FWHM, α is Bragg diffraction angle. The analysis of the microstructure and elemental information was conducted using scanning electron microscope (SEM) (S3400N, Hitachi) (Tokyo, Japan). It investigates samples by monitoring secondary electron (SE) and backscattered electron (BSE) signals. The SEM apparatus has an energy dispersive X-ray spectrometer (EDS) (Tokyo, Japan) attachment. Differential scanning calorimetry (DSC) measurements under hydrogen atmosphere were carried out to study the hydrogen absorption ability and thermodynamics properties of the alloys, through a Rigaku TP-8230 HP apparatus (Tokyo, Japan) under a constant hydrogen pressure of 1 MPa with a flow rate of 200 mL/min. The pressure-composition isothermal (PCT) curves were measured at an automatic Sievert-type apparatus from JMC Corporation (Kanagawa, Japan). The measurements were conducted under a hydrogen pressure up to 8 MPa, at a temperature of 30 °C. Pressure change smaller than 0.00001 MPa in 10 min will be taken as equilibrium.

4. Conclusions {#sec4-molecules-24-00552}
==============

In summary, for the first time, the Ti~50~V~50~-10% C alloy with a FCC lattice and a nanocrystalline microstructure was synthesized by mechanical alloying method and the alloy may show a reversible hydrogen storage capacity of ca. 1.5 wt.% at 30 °C, without any activation process. The good kinetics is attributed to the FCC lattice with low metal packing efficiency, micrometer scale particles and nanocrystalline structures of the alloy. Moreover, how to figure out the definite local structure needs further investigation and it will be helpful for us to have a deep comprehension to the special properties. Overall, the results reported here may indicate a new research direction of the development of novel hydrogen storage materials.

**Sample Availability:** Samples of the compounds are available from the authors.
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